Abstract-
I. INTRODUCTION
T HE Piezoresistive Effect in silicon (Si) has been widely applied in MEMS (Micro Electro Mechanical Systems) sensors thanks to its large gauge factor, miniaturization and electronics integration capability [1] - [3] . However, the drawbacks of the low energy band gap limited Si from operating at high temperature conditions. Recently, many researches have been focusing on large band gap materials for applications used in harsh environment. Among these materials, silicon carbide (SiC) is one of the most promising candidates due to its excellent mechanical and electrical properties [4] . There are more than two hundred poly-types of SiC crystal (eg. 3C, 4H, 6H-SiC) and studies on the piezoresistive effect of these poly-types have been proposed since two decades ago [5] - [7] . Akiyama et al. investigated the highly doped n-type 4H-SiC piezoresistor with the gauge factor (GF) of 20.8 [6] . Okojie et al. reported the GF of n-type and p-type 6H-SiC to be 22 and 27, respectively [8] . Compared to the hexagonal polytypes, the cubic crystal SiC (3C-SiC) attracts a great deal of interest for MEMS applications, since it can be grown directly on a Si substrate [9] . Shor unintentional, lightly and degenerated dopes, respectively [10] . Eickhoff et al. investigated the dependence of piezoresisitive effect on crystal types of n-type 3C-SiC grown by LPCVD with the largest negative GF found in single crystal while poly and nano-crystals offered smaller GFs [11] . Numerous mechanical sensors have been developed based on the piezoresistive effect in 3C-SiC [10] - [13] . Most previous studies have focused on investigating n-type 3C-SiC. Little research has characterized the piezoresistive effect of p-type polycrystalline 3C-SiC with the GF of about 2∼8, and the piezoresistive characteristics of p-type single crystalline 3C-SiC have not been fully understood [14] . The work on p-type 3C-SiC piezoresistive effect is still limited due to the high temperature of growing process at around 1350°C, which is close to Si melting point, affecting the dopant redistribution in Si, and accumulating the thermal mismatch between SiC and Si [15] .
This letter reports, for the first time, the piezoresistive effect of p-type single crystalline 3C-SiC grown by using the LPCVD process at the low temperature of 1000°C and in-situ doping. The longitudinal and transverse gauge factors in [110] direction were characterized. The shear piezoresistive coefficient π 44 was calculated based on measured longitudinal and transverse GFs.
II. DEVICE FABRICATION A. Growth Process of 3C-SiC on Si
The 3C-SiC was grown on Si(100) substrate by using a hot-wall LPCVD reactor at 1000°C [15] , [16] . The alternating supply epitaxy approach was used to achieve single crystalline SiC film deposition with silane (SiH 4 ) and propylene (C 3 H 6 ) as precursors. Trimethylaluminium [(CH 3 ) 3 Al, TMAl] was employed as p-type dopant. The AFM image of 280nm 3C-SiC is shown in Fig. 1(a) in which the roughness of 5μm×5μm area was 20nm. The full-range 2θ -ω scan from x-ray diffraction (XRD) measurement indicated that the SiC film is epitaxially grown on Si(100) substrate [as shown in Fig. 1(b) ]. The electrical properties of SiC were determined by a hot probe and Hall Effect. The polarity of the hot probe voltage indicated that SiC was p-type conductivity. At room temperature the carrier concentration of p-type SiC was found to be 5×10 18 cm −3 .
B. Fabrication of 3C-SiC on Si Beam
After SiC was grown on Si substrate by the LPCVD process (step 1), the SiC was then dry etched in an inductively coupled plasma etcher through to the Si substrate after patterning by standard photolithography techniques (step 2) 0741-3106 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. ( Fig. 2) . Two contact pads were connected to each end of the piezoresistor, so that four-point measurements could be performed to eliminate contact resistance from the measurement. Aluminium contacts were then sputtered (step3) and patterned to form electrodes on the SiC (step 4). The Si was then diced to form a strip 60mm×9mm×0.625mm [step5, Fig. 1(c) Fig. 1(d1) and (d2) ]. The dimensions of the SiC resistors were 550μm×50μm×0.280μm for the short SiC resistor, and 1050μm×50μm×0.280μm for the long SiC resistor.
C. IV Curve of p-Type 3C-SiC/p-Type Si Heterojunction
As the p-type SiC (N a = 5 × 10 18 cm −3 ) was grown on the p-type Si (N a = 5 × 10 14 cm −3 ), the issue of current leakage through the SiC/Si junction was investigated to ensure that the Si substrate did not contribute to the measured piezoresistance. Due to the large valence band discontinuity between 3C-SiC (Ev = 6.9eV) and Si (Ev = 5.2eV), holes are blocked from flowing across the junction. This is particularly so when the SiC is positively biased with respect to the Si, resulting in an increased depletion. The current flow through SiC/Si junction was measured by sweeping voltage of SiC with respect to Si from −2V to 2V using an HP 4145B Analyzer. At negative voltage, the current increased with applied voltage more than 200mV, causing large current leaking through SiC/Si junction. At positive voltage, the current was considerably smaller, being 2.5nA at the supplied voltage of +0.5V (Fig. 3, left side) . Therefore, to measure the resistance change of the SiC resistor, positive voltage was applied to the SiC electrode, while the Si was held at 0V. In order to reduce Joule heat effect, the current flow through the SiC resistor was set to 5μA. Hence the leakage current was only about 0.05% of the applied current. The IV curve of SiC resistor shows good linearity indicating that the Al has formed a good Ohmic contact to the SiC (Fig. 3, right side) . Fig. 4 shows the experimental setup for measuring the gauge factor. Strain was induced by applying the bending beam method. The resistance change of the SiC resistor was measured by the 4 points measurement by using an Agilent 34410A Multimeter. As the thickness of the SiC is much smaller than Si, the strain of SiC induced by bending moment is expected to be the same as that of the upper surface of Si: ε = Mt/(E Si I ), where M is the bending moment, E Si is the Young's modulus in [110] orientation of Si, I is the inertial moment, and t is the thickness of Si beam. The relative resistance changes show a good linear relationship with the applied strains which varied from 0ppm to 800ppm (Fig. 5) . The ratios of the relative resistance changes to the normal strains in [110] orientation of SiC resistors with different lengths and orientations are shown in Table I . Response of fractional resistance change of 3C-SiC resistor to applied strain. Longitudinal SiC resistors had positive GFs while transverse SiC resistors had negative GFs. (Fig. 4) . Each resistor consists of two sections: transverse section R 1 and longitudinal section R 2 (R 1 and R 2 for the short SiC resistor). When a stress is applied in [110] orientation, the resistance change R 1 in section R 1 and R 1 in section R 1 correspond to the transverse GF, while the resistance changes R 2 in section R 2 and R 2 in section R 2 correspond to the longitudinal GF. Since the long and short SiC resistors were designed to be in almost the same position, it was assumed that the strains of these two resistors were identical. Hence, the longitudinal gauge factor (G F L ) of p-type 3C-SiC in [110] orientation is deduced as:
III. GAUGE FACTOR MEASUREMENT
As the transverse sections R 1 and R 1 of the long and short SiC resistors were designed to have the same dimensions (R 1 = R 1 and R 1 = R 1 ), hence: 
